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ELF/VLF/LF PROPAGATION AND SYSTEM DESIGN

INTRODUCTION

The utilization of the longwave channel (5 Hz to 300 kHz) for digital radio transmission has
greatly increased during the past 20 years. Several lare"-VLF ground based transmitting aantennas havc
b"i, rebuilt, and new facilities have been constructed. The ELF band has been opened up for use.
Squadrons of longwave broadcasting aircraft have been procured and operated. A widespread use of
new modulation techniques and receivers has been verified. The importance of systems using the
longwave band is not widely appreciated, but the statement by Donald C. Latham, Assistant Secretary
of Defense for Command, Control, Communication and Intelligence in the Appendix [1), is abundantly
clear. It is impossible to present a comprehensive picture of the long wavelength situation today
without producing a book as large as A. D. Watt's monumental treatise [21. However, because many
students and readers are unfamiliar with the longwave area, we present a brief introductory discussion
of the total longwave communications system including transmitting antennas and radio receivers
before discussing in detail the impact of propagation on system design and performance.

ANTENNAS

The longwave channel antennas are an important component of the overall propagation medium
because they provide a basic restriction on types of signals that can be launched. The longwave channel
is characterized by the fact that efficient radiation from conventional size man-made structures is diffi-ft
cult to achieve. Great ingenuity has been employed to produce adequately large antenna configurations
and to obtain the greatest possible efficiency from antenna systems that are necessarily small in com-
parison to a wavelength. Figure I shows the types of longwave antenna commonly used.

SPACE SHUTTLEBORNE ELECTRIC
OR MAGNETIC ANTENNA

F-LAYER AD ~ ' ' /
MAGNETOSPHERE ,.. ,

.-REGION

AIRBORNE eCONDUCTIVITIT

TETHERED r MATERIAL ,,

ANTENNA POWER-LINE TYPE PRINCIPAL TYPES 0
HORIZONTAL LONGWAVE RECEIVERS

FIXED ANTENNA

BASED
ANTENNA

Fig. I - Longwave broadcist systems
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F. J. KELLY -

Many of the fixed/ground based vertical monopole antennas are of the "small antenna" variety
characterized by a very small radiation resistance (less than 1 fl). Consequently, these antennas are
quite inefficient unless special precautions are taken to reduce utterly all unnecessary losses. One com-
mon technique is the construction of a large ground plane to suppress losses in the earth near the
antenna. A second feature is the deployment of an elaborate "top hat" consisting of cables connected
together and suspended from towers to provide additional antenna capacity to increase wirease the
antenna's ability to carry current for a given voltage. In this way the losses are reduced to a minimum
and a higher efficiency is achieved. However, a high "Q" antenna system with a consequent low MAI
"andwidth results from these procedures. The design considerations for such antennas are summarized
in Refs. 1 through 3. Figures 2 through 5 13) show the four principal ground based antenna types: Tri-
atic, Goliath, Trideco, and valley span. Figures 6 through 11 illustrate the designs of U.S. Navy VLF
fixed ground-based antennas.

The suspension of a long conducting cable from an aircraft or other lifting vehicle is an alternative
method for making an efficient radiator at long wavelengths. Thus a half wave dipole antenna is 4
achieved with a large radiation resistance and high radiation efficiency without the high "Q' and lim-
ited bandwidth of the ground-based tower antennas. This technology is the basis of the TACAMO and
airborne command post longwave communication capability as presented in Refs. 5, 6. and 7. The air-
borne facilities are illustrated in Fig. 12, [51.

An horizontal electric antenna can be used at long waves. This antenna is utilized for the ELF
communication system [8,91. In this system, a powerful current is driven along horizontal wires that
like n',,r lines are stretched over the earth's surface and grounded at each end. When the conduc-
tivity of the inderlying earth is low, it is as if the antenna is suspended at a modest height above the
elecZik.!, ea:th. The effective image currents flow from one terminal to the other at a depth propor-

tional to the electromagnetic skin depth of the underlying material. This mechanism permits the
horizontal antennas to operate with modest efficiency.

In the near future, it will be feasible to deploy a large longwave antenna from an earth orbiting
satellite. Italy and the United States (NASA) in a joint program are developing a 60 km conducting
tether system for use in space. One of the applications of this tether is the generation of long radio
waves 1101.

1200 F r_______

-100 F .. 0 FT'

- I
14---I F --- 110 FT

FEED POINT *iA 040 p.

Fig. 2 - Triatic type antenna
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F.5-Natural valley-spin antenna
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Fig. 7 -Balboa (Summit) antenna, pictorial view
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Fig 8 - Yosami, Japan antenna, pictorial view
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Fig. 9 - Annapolis top hat arrangement
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Fig 10 -Cutler, Maine aintenna- installation.
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F. I1 KELLY
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Fig 12 - A irhiirne suhmarine communicaions. (Figure 3 on p) 28. Vol. 39. No. ', ontitlcd 'taei
Command and Cortrol and Ntijonal Securit," by Dr. Bruce Gi Blair From g ,1 pubti-hed by 1The
Armed Forces Communications and Electronics Association Copyright (M 1985, used h permission)

PRO PAG ATI ON

Sum ma ry

The first transatlantic radio propagation experiments of Marcon, were conducted in the long-
wavelength band 121. In comparison to the short-wave band, the long-wavelength band is highly reli-
able. Long-distance propagation of a long radio wave relies on a reflection from the lower ionosphere
to bring the radio Aave back to earth. On the other hand, short-waves are gradually bent back to earth
because of a refraction process that depends on the detailed horizontal and vertical gradients of an
upper- ionosphere F-layer. A VLF wave spends most of its journey in the free space between the
earth's surface and the lower ionosphere. A short-wave propagates mostly through the ionosphere
between 70 and 300 kmi height, between the 1)-layer and the F-layer. This is prohably the basic reason
that long-A4avelenglh waves show greater stability of reception. The disadvantages of' long waves
(which were deadly. from an ordinary economic point of view) are:

(a) Large antenna structure

(hi Narrow bandwidths

(c) Limited total spectrum

(d) HIigh pov% ers requi red to overcomie noise._,

The advantages of' long \Na~cs arc:

(a) Great propagation range (even to the antipodes)

(b) I ligh phase stabi lity

tc) Signilicani. ability to penetrate earth and sea~xater.

iii Am A8
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The long propagation range and phase stability for long wavelength waves make their use for navi-
gation feasible (Omega, Decca, and Loran). Their penetration into the earth makes the waves useful to
prospectors looking for ore-bodies or other deposits beneath the earth.

The Ionosphere and Reflection Coefficients

The layers ascribed to the ionosphere and atmosphere are illustrated in Fig. 13 [11. The ionos-
pheric reflection coefficients are defined as the ratio of downcoming electric field to the upgoing field.
Because there are two orthogonal upgoing and downcoming field components, four complex reflection
coefficients characterize the process at any given angle of incidence. The matrix form is as follows:

I ', III I E '

I ,RL RI EL

where
Eu is the upgoing electric field in the plane of incidence;
Et' is the upgoing electric field perpendicular to the plane of incidence

(i.e., the horizontal electric field);
Efd is the downcoming electric field in the planc of incidence;
EL is the downcoming electric field perpendicular to the plane of incidence.

IONOSPHERE NEUTRAL ATMOSPHERE5000
0TEMPERATURE PROCESSES

PROTONOSPHERE

200 2000

1000 EXOSPHERC 1000

HELIOSPHERE

\ -- (500 - 700)----
500 500

I

LU - F2
I.- THERMOSPHERE

200 DIFFUSOSPHERE 200

Flp
TURBOPAUSE

- ---- .- -- MESOPAUSE (85) TURBOSI",'FRF
\ MESOSPERE

0, MESOPEAK (50) 50

3 4 5 6 0 500 1000 1500

LOGIo Ne (Cm- 3 ) T (°K)

Fig. 13 - Atmospheric layers :md nomenchtturc
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The reflection coefficients are functions of the electron and ion density profiles of the ionosphere,
The collision frequency profiles, geomagnetic field and angle of incidence must also be specified.
Several full-wave techniques can be used to calculate the reflection coefficient matrix. It is beyond the
range of this lecture to describe these methods in depth. Figures 14 through 16 show sample calcula-
tior. of' reflection coefficients versus incidence angle at 3 kHz for a geomagnetic dip angle of 60'. (Ref
12) Figure 17 shows iwo reflection coefficients as a function of frequency for fixed incidence angle of
approximately 300. (Ref. 13) The ionospheric profile used for each calculation is shown in Fig. 18.
Notice that the calculated reflection coefficients above about 30 kHz are strongly varying with fre-
quency. They seem to reflect the detailed structure of the ionosphere. The smooth approximation by
AlIcock and Belrose (Ref. 14) seems adequate for a first approximation; but it lacks the oscillations
noted in the fullwave results. During nighttime long radio waves are transmitted through the lower
ionosphere with small loss. Space-borne receivers can readily hear ground-based transmitters. Likewise
receivers on the ground can sense many curious electrical noises that are generated and stimulated in
the ionosphere and magnetosphere. For these ground-to-space and space-to-ground paths the lower
ionosphere transmission coefficient is significant in forming a signal power budget. This transmission
coefficient can be calculated using Pitteway's full wave method. (Ref. 15). Sample transmission coeffi-
cient results for a 3 kHz case are shown in Figs. 19 and 20.

Field Strength Calculations using Waveguide Modes

For long range propagation calculations it is customary [161 to treat the space between the earth
and the ionosphere as a waveguide and to calculate the field strengths from a transmitter as a summa-
tion of waveguide modes. A popular method for achieving this is by using the WAVEGUIDE corn-
puter program.

ii AND =ell

Fig. 14 - 3 ktlz nighttime ionosphcric reflection
coefficients, west-to-Cast propagation
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Fig. 17 -Reflection coefficients vs frequency. The RA,', curve is a plot if in
empirical reflcction coefficient approximation given by Beirose 1141 using in
equivalent frequency concept of Alicock. The 1:Ri and.R 1  reflection
coefficients follow the convention of Ref. is.
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F. J. KELLY

Description of WA VEGUIDE

The WAVEGUIDE computer program originally was developed at the Naval Electronics Labora-
tory Center to predict the vertical electric field received at a point on the earth's surface and produced
by a vertical electric transmitting antenna at another point on the earth's surface. Later it was extended
to give the crosspolarized (horizontal) components of the field at any height in the earth-ionosphere
waveguide and even in the ionosphere [17-191. The basic formulation of the equations for the fields is
given in Ref. 20. The net resultant vertical electric field at the earth's surface is represented as a sum-
mation of waveguide-mode fields:

E(O) - 1d h / sin d/a [sin 3" 2  .'\,, exp (i1r/4 + ik,3dsin 19,)] (2)

where

0, is the eigenangle of the nth waveguide mode,
Ids is the dipole moment (ampere-meter) of the vertical antenna located on the earth's sur.

face, v4
A, is the excitation factor of the nth waveguide mode,
a is the radius of the earth,
d is the great-circle distance between the transmitter and the receiver,
h is the reference height of the ionosphere (used in the definition of \,
k (= w/C) is the free-space propagation constant of the wave,
X is the wavelcngth of the wave,

and
ut and Eo are the magnetic permeability and dielectric constant of free space.

Each waveguide mode is characterized by its own value of attenuation rate a,, and phase velocity
v,'7, which are related to the eigenangle of the nth waveguide mode H,, according to

= 0.02895 w Im (sin ,,) (3)

and

c (4)
v Re(sin 0,,)

where ca, is measured in decibels per 1000 km (dB/Mm) and c is the speed of light.

The values of the waveguide-mode eigenangles depend on the reflection coefficients of the
ground and the ionosphere. Because of its anisotropy, the ionosphere has four reflection coefficients
Rl,(O,), . R, (0,.), j.R (0,,), and . R.U,() for a given angle of incidence 0,. The ground is assumed to

be isotropic and to have reflecti..rn coefficients :R,.(6,,) and R,(6,,). that are calculable from the
eigenangle, ground conductivity, and dielectric constant. The WAVEGUIDE program uses a procedure
for calculating the ground and ionospheric reflection coefficients referenced to any height z in the
waveguide. References 26. 27, and 28 discuss the reflection coefficients further. The eigenangle ,, for
a given waveguide mode is obtained by satisfying the mode equation

iJ
R 69,1 R. , ) 1 R,(), 0 i N

., (0,,) R,, (,,) I i (5)

Ihis matrix eq,'ation is simply rewritten

F"((,) ( R, .,R:-I)( R, -) - R , ,Rt , 0R,= 0. (6)

where the dependence of the reflection coefficient on 0, has been suppressed to simplify the notation.
The new variable F(f,) is also defined. Each value of 0,, whih satisfies Eq. (6) is the eigenangle of
the nth waveguide mode. The excitation factor A,, for the nth waveguide mode is obtained from

14
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A- -i k sin @ + R) 2 0,L ki (7)
2, 8F(8)

where the variable F(O) is as defined in Eq. (6). In addition to the vertical electric field E, for a given
waveguide mode having eigenangle O, in general, there exist five other nonzero field components E,
E, H, Hy, and H. within the waveguide for each mode.

These extra fields arise because the ionosphere is anisotropic because of the earth's magnetic
field. Propagation through and reflection from such an anisotropic medium rotates the plane of polari-
zation of the incident wave to generate crosspolarized reflected fields. Alternatively one could consider
the linearly polarized wave transmitted from the vertical electric dipole antenna to be a linear superposi-
Lion of right-handed and left-handed circularly polarized waves, each reflected with a different ampli-
tude at the ionosphere. The ionospheric reflection causes a mixture of wave polarizations at a reception
point on or above the earth's surface. The fields at height z are related to the vertical electric fields at
the earth's surface E, (0) in a given waveguide modle by the following functions of reflection coeffi-
cients and Hankel functions:

E2(z)/E,(O) - f, (z), (8)

E (z)lE:(0) = g(z)IS, (9)

(R. (1+t RI) fj (z) (10)
(~lE, (OE -S(O +,ft) ( -L K.RI)

H,(z)/E,(0) = 0 Rji1 +,RI) f,(z)
-q(l + ,,R,,) (I I R11t RI) ( 1

H, (z)/E.(0) - , (12)

and

,,Rj (I + I RI) dfi (:) (13)H, (z)/E (0) =(13)
i r k S(I + ,R,) (1 - tR 1 1 Rt) dz

where

f, (z) - expl I F h(q) + F h2(q) (14)

F3 hI(q ) + F4 h 2(q)

and

g(z) = I dz [d,(Z), (16)
.k d2

15
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-A. . n which 
_

in w hF, H 2 (qo) - i 1J (Nx2 
- S 2 )1

2 h2(qo)j, (17)

2 D) 1/3

F 2 = Hl(qo) - i ak (N 2 
- S2) t 2 hl(qo), (18)

F 3 - h' -O 2 (N?2 - S2)'' (19)

F, = h',(qo) - i I"E (N, - S2)I/2 h (q), (20)

q = k1-2 H -
2 (h z)1. (21)

aI 2 j 2 (hD) 
(22)

with

2 C 2( 23)

q a ~ k aj

I 2  "

H, (q) = h',(q) + h --- h,(q),= 1,2, (24)

= - (h-z), (25)
a

no'= 1- h, (26)

and is

,2 C/o - j . (27)

In Equation 27 (r and f refer to the conductivity ;nd dielectric constant of Ihe earth.

Typical Ifa'eguide Mode Parameters

Using the WAVEGUIDE program, one can calculate the propagation parameters of the various ,

modes. Figures 21 through 23 [211 give the excitation factors and attenuation rates for the threc lowest
order waveguide modes in the ELF band and lower VLF band. Figures 24 through 26 show the
behavior of the magnetic fields vs height in the waveguide and inside the lower ionosphere. The night-
time ionosphere as shown in Fig. 18 was used. The direction of propagation is toward magnetic north
for a dip angle of 60'. Using these propagation parameters and Eqs. (7-27), one can estimate the field
strength produced by a transmitter. Additional equations and sample parameters for this task are given
in Ref. 16.

16 : '"- I
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Figures 27 through 35 give propagation parameters for the first three waveguide modes calculated
for a typical daytime isotropic ionosphere and used in the noise prediction computer program described
in Ref. 22. These are similar to but more comprehensive than the parameters given in Ref. 23.

Field Strength Calculations and Measurements

As shown in Ref. 24, field strength vs distance curves are calculated from these parameters. Fig-
ures 36 through 41 [251 illustrate the pattern of Field strength vs distance for I kW radiated power
transmitter propagating over sea water at 24.0 kHz. The very sharp predicted interference hull at 2.4
Mm is noted in Fig. 36. Using the parameters given in Ref. 23, a statistical prediction of field strength
vs distance was made by a Monte Carlo technique. A Gaussian distribution of height h and conduc-
tivity gradient 13 was assumed to have an average h = 70 km and average/3 = .5 km- 1. The standard
deviation of h was 1 km and of 6 was .05 km - 1. This method predicted the greatest variability of signal
level to occur near the interference nulls at 2.4 and 3.8 Mm. Experimental data were taken for a period
during summer 1970 near the 2.4 Mm null produced by the NBA, Balboa transmitter that was operating
on 24.0 kHz [261. The measured standard deviation was much smaller than that predicted from the
model. It was also smaller than that observed with long-term data-taking. From this data, it was con-
cluded that during the short period of this experiment the ionosphere was highly repeatable, even
though it showed greater variability over longer durations.

DCA Recommended Ionospheres

From an analysis of field strength vs distance data similar to those shown in Figs. 42 and 43, the .
U.S Defense Communications Agency [27) recommended the ionosphere profiles shown in Table 1.
Graphs showing these ionosphere parameters are shown in Figs. 44 and 45, 1271. The electron density
N(z) vs height z in kilometers for a particular 3 and h is given by Eq. (28).

NV(Z) 1 f.43 1. el cxp (-0.15 h0 exp [(3 - 0.15) (z - h)] 1  (28)
cm 3 J

Table I - DCA [271 Recommended Profiles to Use in WAVEGUIDE
OR WAVEHOP Propagation Programs

DAYTIME NIGHTTIME
Summer Winter Summer Winter

High Latitude /3 = 0.3,h'= 72 p - O.3,h' - 72

Low Latitude - 0.5,h'- 70 / - 0.3,h'- 72 = 0.5. h' - 87

The collision frequency vs height is given by Eq. (29).

V (z) = voexp (-az) (29)

where ,.., '

v, 1.82 x q1(11 collision/s a = 0.15 km -

From an analysis of multifrequency midlatitude day and nighttime data [281 that was conducted later
during flights from Hawaii to California, recommendations were derived which are given in Table 2. It
is significant that for nighttime the laterally homogeneous ionospheric profile must be assumed to
changes with broadcast frequency. This unphysical situation reflects our current lack of understanding
of the nighttime lower ionosphere.
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